Abstract-Very large aperture antenna arrays are being planned for future military applications. It is known that due to irregularities in the ionosphere, where the reflection process takes place, the wavefront across such apertures becomes less coherent as the aperture size is increased. The degree of partial coherence of the wavefront may be expressed in terms of two key parameters, the root mean square (rms) value and the spatial correlation length of the phase error. Representation of the mutual coherence function in terms of these parameters is reviewed. The main thrust of this paper is to examine the degradation in the antenna gain and pattern characteristics of a thinned linear array, with 100 elements randomly spaced with a Hamming spatial taper, over a baseline of 10 km, for frequencies from 6 to 30 MHz. These results are then compared with those for a filled linear array having 400 Hamming amplitude weighted elements and a baseline of 10 km. It is found that the effects of a partially coherent wavefront on the thinned array are comparable to those for the filled array in that the loss in gain and main beam broadening are similar. Calculations indicate that for rms phase errors less than 0.5 rad, the loss in gain is relatively small (less than 1 dB) even for correlation lengths as short as 0.5 km. For larger rms phase errors the antenna gain decreases significantly and the effective beamwidth, which includes the filled-in sidelobes, broadens for shorter correlation lengths. The frequency dependence of the gain and beamwidth is found to be similar to that of a filled array.
INTRODUCTION
HE PERFORMANCE of an antenna with a very large T aperture may be degraded by atmospheric effects. At short wavelengths the degradation is usually due to the turbulent behavior of the tropospheric refractivity structure. At long wavelengths, for example, for an HF skywave mode, the degradation may be caused by ionospheric irregularities. The effect of a partially coherent wavefront on filled antenna apertures has been investigated by Shore [l] , Mitchell [2] , and Schell [3] . In this paper the performance of a thinned linear array with 100 randomly spaced isotropic elements with a Hamming spatial taper [4], [ 5 ] , over a baseline of 10 km is examined. The frequency band of interest is 6-30 MHz. In designing a thinned array, it is convenient to remove elements from a filled array that are 0.5 h apart at the highest frequency (30 MHz); hence element locations are restricted to multiples of 5 m. The minimum element spacing is 25 m so that the elements are never closer than 0.5 h at the lowest frequency (6 MHz). The reduction in gain and the main beam broadening are calculated as a function of the spatial phase error correlation length and rms phase error. In addition, antenna patterns are plotted as a function of these parameters.
The state of the ionosphere strongly depends on both time and location. The correlation length and root mean square (rms) phase error have a diurnal and seasonal dependence and are also a function of latitude and the direction of propagation. Due to this variability, it is very difficult to characterize the incoming wavefront for a large aperture. Nevertheless, by calculating the antenna patterns for a large set of correlation lengths and rms phase errors, it is possible to estimate how sensitive the array performance is to the state of the ionosphere. For simplicity, only the effects of phase errors are included in this analysis. Amplitude errors would be expected to have a similar impact.
THEORETICAL CONSIDERATIONS
Consider a wavefront produced by an HF signal that has been reflected from the ionosphere; let us examine the phase error of the signal. We can obtain sets of rms phase errors as a function of separation 6 along the wavefront. For local spatial stationarity these phase errors have a spatial autocorrelation function where $ ( x ) is the phase error at position x , 6 is the spatial separation, and D is the spatial extent.
Consider an incident wave that is reflected from a thin slab of the ionosphere which has a number density n that departs from its mean value by A n . These :,mall variations in n are assumed to be Gaussian distributed in space. Let us examine the emerging wavefront along a line that is parallel to the array aperture. Imposing a plane wave approximation, this wavefront is then the same as that incident on the array aperture. Upon reflection the wavefront undergoes changes in phase. It can be shown that the phase variations have the same form as the Gaussian variations in electron density in the slab; therefore the autocorrelation function for the phase U.S. Government work not protected by U.S. copyright 1802 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 38, NO. 11, NOVEMBER 1990 error also has a Gaussian shape and can be written as 161 where 6, is related to the average width or size of the ionospheric irregularities and corresponds to the spatial correlation length of the phase errors across the array. The cotrelation of the complex field, neglecting amplitude errors, is shown to be [6] r(6) = e-6;(1-R+(a))*
(3)
Using (2) The second exponential in (4) is termed the mutual coherence function and is identically equal to (3). Equation (4) is used throughout this paper to analyze the performance of a random array. Note the locations of the random array elements are chosen at random; however, the exact locations of each element are known precisely. For this reason, (4) is valid for the random array as well. A similar result has been shown by Berman and Berman [7] .
RESULTS
The relative gain of a 100-element thinned array with randomly spaced elements with a Hamming spatial taper [4] distributed over a baseline of L = 10 km was calculated at a frequency of 6 MHz as a function of correlation length A , , for rms phase errors 6, of 0.2, 0.5, 1.0, 1.5 and 2 rad. A Hamming spatial taper produces average near-in sidelobe levels at -43 dB, well below the 1 / N value for a thinned array. In Fig. 1 it is seen that for errors less than about 0.5 rad, the degradation in gain is relatively small, even for short correlation lengths. For errors greater than 0.5 rad, the effect of the correlation length is much more pronounced and a significant reduction in gain occurs for the shorter correlation lengths.
For comparison, the gain dependence on correlation length and rms phase error is also examined at 6 MHz for a filled array having 400 Hamming amplitude weighted elements uniformly spaced 25 m apart (0.5 wavelength) over a baseline of 10 km. The antenna pattern for a wavefront having a correlation length of 1 km and rms phase error of 1 rad is plotted in Fig. 2 along with the antenna pattern for an ideal wavefront with no phase errors. The loss in gain is about 3 dB, the same as that for a thinned array.
Antenna patterns were calculated as a function of phase error correlation length and rms phase error for the 10-km aperture with 100 randomly thinned elements. In Figs. 3 and In order to examine the dependence of the near-in antenna pattern on the wavefront correlation length, patterns were calculated for correlation lengths of 10 and 1 km as a function of rms phase error. In Fig. 5 , for a 10 km correlation length, it is seen that the pattern characteristics are hardly affected, even for a very large rms phase error of 2 rad. In Fig. 6 , for a correlation length of 1 km, the main beam shows signs of broadening for an rms phase error of 1 rad. Antenna patterns for a correlation length of 1 km and the same set of rms phase errors used previously are also plotted as a function of the frequency normalized parameter kL sin 0 in Fig. 6 . From these patterns it is possible to estimate partial coherence effects at other frequencies. Although the results have been presented for a linear array, we believe that a similar behavior would also be found for a planar array. The effects of smaller correlation lengths and larger rms phase errors cause the following: the nulls separating the near-in sidelobes fill in, the sidelobe level increases, and the main beam is broadened. Since the nulls are completely filled in, it is not possible to easily distinguish the sidelobes from the main beam. For this reason the near-in antenna pattern is characterized by the beamwidth of the main beam and sidelobes taken together. In Fig. 7 the beamwidth is plotted as a function of rms phase error for levels of 3, 6, 10, and 15 dB down from the peak of the main beam. It is seen that at a level of 3 dB, the beamwidths are reasonably constant for rms phase errors of less than about 1.2 rad and then increase sharply for larger phase errors. A similar behavior is noted for the 6, 10, and 15 dB beamwidths; however, the sharp increases correspond to rms phase errors of 1, 0.6, and 0.4 rad, respectively.
CONCLUSION
In summary, it has been shown that the performance of a thinned antenna array with randomly spaced elements is highly dependent on the characteristics of the wavefront. The antenna patterns and gain have been calculated as a function of the spatial phase error correlation length and for various ~ -I T 7-----rms phase errors for a 100-element thinned array at HF. Based on these results it is seen that wavefront distortion affects both filled and thinned arrays in a comparable way; also it is found that the array gain drops significantly when the rms phase error exceeds 0.5 rads, particularly when the correlation length is less than about 2 km as is shown in Fig.  1 . In Figs. 5 and 6 we note that the antenna beamwidths become increasingly broader with corresponding changes in correlation length and rms phase error.
In Fig. 7 it is shown that the effective beamwidth (the main beam plus filled-in sidelobes) of the antenna pattern is relatively constant for small rms phase errors and then increases almost linearly with a further increase in the rms phase error.
